Microwave resonators are widely used for numerous applications including communication, biomedical and chemical applications, material testing, and food grading. Split-ring resonators in both planar and nonplanar forms are a simple structure which has been in use for several decades. This type of resonator is characterized with low cost, ease of fabrication, moderate quality factor, low external noise interference, high stability, and so forth. Due to these attractive features and ease in handling, nonplanar form of structure has been utilized for material characterization in 1-5 GHz range. Resonant frequency and quality factor are two important parameters for determination of material properties utilizing perturbation theory. Shield made of conducting material is utilized to enclose split-ring resonator which enhances quality factor. This work presents a novel technique to develop shield around a predesigned nonplanar split-ring resonator to yield optimized quality factor. Based on this technique and statistical analysis regression equations have also been formulated for resonant frequency and quality factor which is a major outcome of this work. These equations quantify dependence of output parameters on various factors of shield made of different materials. Such analysis is instrumental in development of devices/designs where improved/optimum result is required.
Introduction
Split-ring resonator (SRR) [1] , loop-gap resonator (LGR) [2] [3] [4] , or open-loop resonator (OLR) [5] is an important component which is utilized in electronic and nonelectronic applications/utilities. These include devices like oscillators, filters, tuned amplifiers, frequency meters, and processes like permittivity measurement, compositional analysis, quality control, and so forth. SRR is characterized with low phase noise, moderate quality ( ) factor, low cost, and ease of fabrication. Material characterization and compositional analysis especially for polar liquids in microfluidic channels [6, 7] have also been performed with the help of this structure in 1-5 GHz range.
Compositional analysis for determining volume fraction of dielectric materials in a compound/composite is often performed in biomedical, chemical, pharmaceutical, and petrochemical applications, food processing/grading, forensic testing, and other applications/areas. Classical methods are time consuming and often require expensive equipment, and above all different methods have to be adopted for various materials. It has been shown that microwave method using split-ring resonator can be used for highly sensitive compositional analysis [6, 7] for various materials. In this technique material under test (MUT) is placed inside SRR in a region of maximum electric field strength. When volume fraction of materials in MUT is changed complex permittivity of composite changes. Variation in complex permittivity of MUT is sensed through changes in resonant frequency and factor. Due to placement of MUT in region of maximum electric field very small changes in composite composition have been detected [6] . The larger the change in these parameters for small compositional variation the higher the sensitivity of device and hence the higher the resolution in analysis. Key to enhancing sensitivity and resolution in analysis through this technique is the optimization of factor pertaining to SRR structure.
SRR is enclosed inside a conducting cylindrical shield/ cavity to prevent radiation loss and enhance factor [1, 8] . Resonant frequency, factor, and other parameters are affected by shield dimensions and material characteristics like conductivity, dielectric constant, mass density, and dielectric loss [9] . Various models [1] [2] [3] [4] [10] [11] [12] have been developed to quantize output parameters of SRR structure. Subsequent analyses [13, 14] of these models highlight a number of shield parameters which include material and dimensions which can be utilized to develop a structural design to optimize factor. This work focuses on analyzing effects of these parameters of shield on resonant frequency and factor of SRR structure. Analysis of these effects was used to design shield around SRR to yield optimized factor [15, 16] . Regression equations were also formulated through statistical analysis to determine dependence of resonant frequency and factor on shield parameters. Such analysis is instrumental in the development of an optimized SRR structure/device for performing highly sensitive compositional analysis of dielectric materials in a mixture/composite.
SRR Structure for Analysis
A simplest form of SRR structure with resonator enclosed in conducting cylindrical shield is shown in Figure 1 [3, 4] . It is comprised of a metallic cylinder with a longitudinal gap. SRR can have a number of variations including planar forms [5, 17] , geometrical shapes [17, 18] , multiple rings [18] , and multiple gaps [10] . It can be considered as a single-turn inductor connected with a gap capacitor [5] as shown in the figure. SRR has to be coupled with transmission line and needs mechanical support [10] . Inductive, capacitive, or aperture/hole coupling [19] of SRR can be done based on its utilization.
Earlier research [6, 7, 11, 20] provided guidance in formulation of a base design. Gap was selected to accommodate microfluidic channel [7] . Guidelines have been provided for selecting various shield design parameters [3, 4] . SRR was fabricated using copper [6] . Design parameters of SRR structure are shown in Table 1 . Table 1 : Parameters of base design.
Design parameters
Dimensions (mm) Inner radius of shield "R 0 " 2 4 Inner radius of resonator "r 0 " 6 Width of resonator "W" 6 Length of resonator "Z" 6 Gap of resonator "t" 2 Inner height of shield "H" 2 4 Thickness of shield " " (in all directions) 4 
Simulation

Effect of Shield Material.
Simulations were performed to analyze shield material effect on resonant frequency and factor of base design. Shield was designed using aluminum (AL), brass (BR) [6] , stainless steel (SS), cast iron (CI), and tin (SN). Some useful properties of these materials are shown in Table 2 . Parametric results are presented in Table 3 . Developed structure of SRR enclosed in shield is shown in Figure 2 . Figure 3 shows variations in output parameters of SRR with shields of different materials. SRR structures with AL and CI shields have shown maximum and minimum resonant frequency, respectively. A mean value of 2.1026 GHz with 0.000351 GHz as standard deviation was achieved. Maximum variation in resonant frequency for SRR shield made of different material is 0.039 percent. This suggests that resonant frequency is independent of shield material. In this case, resonant frequency is a function of SRR and shield dimensions but is independent of shield material properties. However, factor is considerably affected with change in shield material. Maximum value for SRR structure with AL shield was achieved while minimum value with CI shield was achieved. Mean value is 1963 with 650 as standard deviation. Moreover, maximum variation is 64.83 percent which is quite large. This suggests that variation is due to material properties/characteristics mentioned in Table 2 [1, 3, 4] . Further statistical analysis was carried out utilizing design of experiment (DOE) method [21] [22] [23] with data as given in Table 4 . The table has been formed by combining material properties of Table 2 and parametric output data of Table 3 . The table forms basis for analyzing effects of material properties on resonant frequency and quality factor. Regression analysis [22, 23] was performed which yielded results for resonant frequency and factor as shown in Tables 5 and 6 , respectively. Regression equations [22, 23] were obtained for full factorial DOE. Equations show effects of shield material properties on resonant frequency and factor as 0 = 2.103 − 0.000013 × − 0.000000 × − 0.000000 × + 0.000000 × × = 3664.00 − 21.7100 × − 0.000042 × − 0.21540
These equations also verify earlier investigations [2] [3] [4] . It can be noted that resonant frequency decreases negligibly with increase in relative permeability of shield material while it remained unaffected by bulk conductivity and mass density of shield material. Moreover, factor decreases considerably with increase in relative permeability; however it slightly decreases with increase in mass density and bulk conductivity. It remained unaffected against bulk conductivity and mass density of resonator material. Analysis show that factor can be optimized by selecting a shield material for which relative permeability is low enough along with appropriate bulk conductivity and mass density.
Materialwise Effect of Height and Thickness of Shield.
For analyzing effects on resonant frequency and factor against variation in shield dimensions, five simulations one for each shield material were designed. Inner radius of shield was kept as value given in Table 1 . Range of parametric variations introduced is shown in Table 7 . Height of shield has seven levels while wall thickness has five levels. Each simulation resulted in thirty-five solutions. Results of these simulations for SRR with AL shield are presented in Figure 4 . Figure 4 (a) presents effect on resonant frequency against shield height for various thicknesses pertaining to AL shield whereas Figure 4 (b) presents effect on factor for the same variations. Figures 4(c) and 4(d) depict parametric variations but plotted against shield thickness for various shield heights. Resonant frequency was highest for a 25 mm high and 5 mm thick wall shield, whereas the lowest value was yielded for shield dimensions of 25 mm high and 7 mm wall thickness. Highest factor was observed with 25 mm high and 5 mm thick shield, whereas the lowest value was achieved for 24 mm high and 8 mm thick wall shield.
Effects on resonant frequency and factor due to variations in height and wall thickness of shield pertaining to other materials were studied in a similar manner. Extreme values of resonant frequency and factor along with related shield dimensions pertaining to different materials are summarized in Table 8 . Parametric outputs achieved for statistical analysis for SRR structure with AL shield are given in Table 9 . Statistical analysis data reveals mean value of 2.1155 GHz for resonant frequency with 0.0531 GHz as standard deviation. Maximum variation in resonant frequency for different shield dimensions is 7.92 percent. factor has a mean value of 2784.8 with standard deviation of 223.3 whereas 63.99 percent was maximum variation observed. Regression analysis [22, 23] for resonant frequency and factor on its dependencies upon dimensions of AL shield are given in Tables 10 and 11 , respectively, whereas main effects' plot for resonant frequency and factor is shown in Figure 5 .
Two-level factorial regression equations were derived for full factorial DOE [23] . Equations for resonant frequency and factor pertaining to SRR structure with AL shield are given as 
where resonant frequency is in GHz. Similar data as shown in Table 9 was achieved for analysis of SRRs enclosed in shields of other materials. Regression analysis was carried out similar to the one shown for AL shield in Tables 10 and 11 . Twolevel factorial regression equations for full factorial DOE were generated [23] for each structure and given below. 
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Mathematical Problems in Engineering From (2)-(6) resonant frequency and factors can be predicted for each category of structure with predesigned SRR. It can be observed that resonant frequency was slightly affected due to change in height and thickness of shield whereas factor was considerably affected due to dimensional changes in shield as already shown in Table 8 .
Materialwise Effect of Height, Radius, and Thickness of
Shield. Inner radius of shield was kept constant in Section 3.2 to analyze effects separately. Another set of analysis was designed for SRR structures with shield of different materials to analyze effects on resonant frequency and factor against additional dimension, that is, shield radius. Each analysis was designed to have three hundred fifteen solutions due to additional nine levels of shield radius. Range of parametric variations introduced in this analysis is given in Table 12 .
Results of SRR structure with shield of different materials were obtained in a manner described in previous section. Data pertaining to these simulations were used for statistical analysis. Extreme values of parametric output with related shield dimensions are presented in Table 13 .
Maximum resonant frequency for all SRR structures was found almost equal. Interestingly, this value was obtained for the same shield dimensions. This observation also showed that resonant frequency remains unaffected by shield material. Similar observation was made for minimum value of resonant frequency and maximum value of factor except for structure with CI shield. Minimum factor was obtained for the same shield dimensions made of AL and BR. Highest factor was noted for structure with AL shield. An improvement of around 26 percent in factor was noted from original design along with slight increase in resonant frequency. Regression analysis for resonant frequency and factor was performed for full factorial DOE to analyze dependence of these factors on shield dimensions as shown in Tables 14 and 15 , respectively, whereas main effects' plot for resonant frequency and factor is shown in Figure 6 . Two-level factorial regression equations were derived for full factorial DOE [23] . Equations obtained for resonant frequency and factor of AL shield are given as 
Regression analysis for SRRs enclosed in shields made of other materials was carried out. Two-level factorial regression equations for full factorial DOE were generated for each structure and are given below. 
Mathematical Problems in Engineering 9 Equations (7)-(11) present dependence of output parameters on shield dimensions. Values of resonant frequency and factor can be predicted for various structures with predesigned SRR as shown in Table 1 .
Analysis
Effects of material properties of shield on output parameters of SRR structure were analyzed. It was observed that resonant frequency remained almost unaffected when shield material was changed. Maximum variation recorded in resonant frequency was less than 1 percent which shows independence of this parameter of shield material and dependence entirely upon dimensions of SRR structure. However, factor was found considerably affected around 65 percent with change in shield material. Regression analysis showed heavy dependence of this factor on material properties. Highest value of factor for SRR structure was found with AL shield, whereas it exhibited lowest value for structure with SN shield. Analysis of factor pertaining to SRR structures of various shield materials along with study of regression equations for the same parameter revealed that increase in relative permeability had adverse effect on this parameter although mass density and bulk conductivity have similar but less significant effects.
Dependence of output parameters on variation in height and thickness of shield made of different materials was also analyzed. Inner radius of shield was kept constant to have systematic insight into output variations related to shield dimensions. Relatively larger variation (around 10 percent) was noted in resonant frequency for various geometries of SRR structure. This was expected as resonant frequency depends on shield dimensions as well. For factor, it increased to around 70 percent. It was also observed that higher values of factor were obtained for shield of less thickness while lower values were noted for structure with thicker shield. Regression equations showed heavy reliance of factor on shield dimensions, whereas resonant frequency was found less affected due to dimensional variations. An increase of around 23 percent in factor was noted against previous analysis.
Finally, inner radius of shield was also varied along with height and thickness of shield. For resonant frequency maximum variation was around 20 percent, whereas around 75 percent variation was observed in factor for various geometries. It was noted that in each case maximum value of both resonant frequency and factor was achieved for the same shield dimensions. However, lowest values were obtained for different shield dimensions. Regression equations showed heavy reliance of factor on shield dimensions, whereas resonant frequency was found less effected by dimensional variations. An overall increase of around 26 percent in factor was noted against first analysis.
In all cases, SRR structure with AL shield provided highest value for factor as compared to its counterparts. Structures with BR, SS, and SN shields produced comparable results. However, structure with SN shield produced poor results. Main reason lies in relative permeability of material. Higher permeability material stores higher amount of energy, thereby absorbing energy from surrounding. As a result the amount of available energy around SRR reduces resulting in low factor. Analysis suggests that use of material for shield with high permeability is not recommended.
Analysis presented in this work was performed with a view to develop an optimized SRR device/structure. Optimized device can sense small variation in composition of MUT. This information is gathered in the form of measured resonant frequency and factor. Sensing very small changes is vital in high resolution compositional analysis of dielectric materials in mixture/composite.
Conclusion
Designing of appropriate shield around resonator ensures stability and enhancement in output parameters of SRR structure. This work presents an analysis of factors affecting these parameters. Dependence of these parameters on shield parameters was shown through regression equations.
While analyzing dependence over properties of shield material, it was observed that resonant frequency remained independent of shield material. Maximum variation in this parameter for SRR shield made of different material was 0.039 percent. However, factor was considerably affected with change in shield material. Variation up to 64.83 percent was observed for shields of different materials. Highest factor was noted for AL shield while it was lowest for CI shield. Regression equations provided dependence of output parameters over shield material properties.
Study for height and thickness of shield showed that resonant frequency varied least for AL shields of different dimensions, that is, 0.1757 GHz, whereas it varied maximum for BR shields, that is, 0.1997 GHz. Maximum and minimum variation in factor was noted as 791.69 and 393.56 for AL and CI shields of different dimensions, respectively. Highest factor, that is, 3115.55, was observed for AL shield while the lowest, that is, 836.7, was noted for CI shield. Regression equations provided quantified dependence of output parameters over shield dimensions.
When shield radius was included in study, it was observed that minimum variation in resonant frequency, that is, 0.2862 GHz, was noted for AL, BR, and SN shields of different dimensions. SS shield showed 0.2861 GHz variation. While maximum variation, that is, 0.4238 GHz, was noted for CI shield. Maximum variation in factor, that is, 1096.15, was noted for AL shield of different dimensions while lowest variation, that is, 558.3, was noted for CI shields. Highest factor, that is, 3226.05, was observed for AL shield while the lowest, that is, 830.21, was noted for CI shield. Regression equations quantified dependence in this case also.
It was also shown that shield enclosing a predesigned SRR with appropriate dimensions can result in optimized output parameters. Moreover, SRR structure can be designed for desired value of factor with corresponding resonant frequency with the help of data obtained for analysis.
Optimized SRR device/structure could be used to improve performance of devices where such structure is used. For instance high selectivity can be achieved in filters and tuned amplifiers. Regression equations developed in this work provide an easy and effective tool to judge performance of device.
